The growth of lithium microstructures during battery cycling has, to date, prohibited the use of Li metal anodes and raises serious safety concerns even in conventional lithium-ion rechargeable batteries, particularly if they are charged at high rates. The electrochemical conditions under which these Li microstructures grow have, therefore, been investigated by in situ nuclear magnetic resonance (NMR), scanning electron microscopy (SEM) and susceptibility calculations. Lithium metal symmetric bag cells containing LiPF 6 in EC: DMC electrolytes were used. Distinct 7 Li NMR resonances were observed due to the Li metal bulk electrodes and microstructures, the changes in peak positions and intensities being monitored in situ during Li deposition. The changes in the NMR spectra, observed as a function of separator thickness and porosity (using Celgard and Whatmann glass microfiber membranes) and different applied pressures, were correlated with changes in the type of microstructure, by using SEM. Isotopically enriched 6 Li metal electrodes were used against natural abundance predominantly 7 Li metal counter electrodes to investigate radiofrequency (rf) field penetration into the Li anode and to confirm the assignment of the higher frequency peak to Li dendrites. The conclusions were supported by calculations performed to explore the effect of the different microstructures on peak position/broadening, the study showing that Li NMR spectroscopy can be used as a sensitive probe of the both the amount and type of microstructure formation.
INTRODUCTION
Lithium metal anodes have the highest possible energy density with specific capacities of 3800 mA h g -1 , 1 and the high energy density of technologies such as lithium-air and lithium-sulfur are generally calculated by assuming that the metal anode is lithium. Despite this, lithium metal anodes have not been successfully implemented in rechargeable lithium batteries (LIBs), because of a number of crucial problems, the most critical of these being the safety issues associated with the formation of "dead lithium", which is detached from the Li anode, and lithium-metal shortcircuits. [2] [3] [4] Related problems include short cycle life and poor thermal stability. [2] [3] [4] Many of these problems are associated with morphological changes that occur on the lithium metal surface and the formation and degradation of the solid electrolyte interface (SEI) 5 on the Li electrode upon cycling. Li does not deposit smoothly on cycling, but can instead grow as "microstructures", which may be dense in nature (termed moss) or dendritic, the latter resulting in short circuits between the positive and negative electrodes. Diverse ranges of modifications including new polymer separators, electrolytes and ceramic coatings [6] [7] [8] [9] have been used to mitigate the dendrite formation problem, but none of these approaches are completely fail-safe to date. A solution to this problem will not come without a more detailed understanding of the conditions under which Li microstructure growth occurs in a working battery.
The formation and nature of the microstructures is thought to depend on many factors including charge and discharge current densities, the type of electrolyte, the SEI formation and degradation, the stack pressure generated inside a battery (i.e., the pressure exerted on the stack of current collectors, electrodes and separator) and the type of separator 5, [10] [11] [12] [13] [14] [15] The mechanical properties, porosity, ionic resistance, thickness, etc., of the separator can all affect the formation of microstructures and their morphologies. 12, 16 Growth is hindered at slow current rates, 17-18 and 4 by the use of high stack pressure, 1, 10, [19] [20] although it is still not clear whether conditions exist where it is completely fail-safe to charge a Li metal battery. In general, since a bag or pouch-type cell lacks a high stack pressure 21 it more readily allows Li microstructures to grow between the Li metal and the separator than in a coin cell design.
Scanning electron microscopy (SEM), transmission electron microscopy (TEM) 22 and optical microscopy, have been used to visually investigate electrodeposition in batteries. [23] [24] [25] The first direct observation of Li microstructures in Li/Li and Li/Li-Al alloy coin cells with a liquid organic electrolyte was reported by Epelboin et al. in 1980 , using TEM. 26 Subsequently, in situ SEM was used by Yamaki and coworkers to view Li microstructures in a Li coin cell with a liquid electrolyte system. 27 In 1993, Yamaki and coworkers used in situ optical microscopy to monitor Li deposition; 18 they reported that the amount of needle-like Li deposits decreased with decreasing current density, which correlated with improved cycle life. Although various methods have been used to study electrodeposition in order to understand the mechanisms involved, they have generally provided only qualitative information about the amount and type of microstructure.
The impact of nuclear magnetic resonance (NMR) in the study of battery electrode materials has been substantial. [28] [29] [30] To date, most of the work has been performed ex situ, by disassembling the battery and then analyzing the various battery components. NMR performed in situ 21, [31] [32] [33] , i.e., while the battery is cycling, provides real time information concerning structural changes and dynamics, and has been used, for example, to capture short-lived metastable phases during cycling. Bhattacharyya et al. 34 first monitored metallic lithium deposited on the lithium metal anode by using in situ NMR and were able to resolve distinct signals from bulk Li metal in the 5 electrodes and from the Li metal microstructures. They exploited the fact that the radio frequency (rf) field only penetrates a certain thickness, the skin depth, δ, into the Li metal:
where ρ is the resistivity of lithium, ν 0 is the Larmor frequency, μ 0 is the vacuum permeability and μ r =1.00002 is the relative permeability of lithium 35 . The skin depth for 7 Li and 6 Li are 17.1 and 28.5 μm, respectively, at a field strength of 4.7 T, the smaller skin depth of 7 Li arising from its higher Larmor frequency. In their study, Bhattacharyya et al. 34 assumed Li microstructures do not experience skin depth effects as they are much thinner (typically ~2 μm) than the rf skin depth and so that the rf penetration should be total, at least in the initial stages of Li dendrite formation. The phenomenon was exploited to quantify the amount of microstructure that was formed during electrochemical cycling. 34, [36] [37] In subsequent studies, Chandrashekar et al. applied magnetic resonance imaging (MRI) techniques to study Li metal batteries in situ and utilized chemical shift imaging (CSI) to identify two different types of Li microstructure, one on the Li metal surface and one growing between the electrodes. 38 Dendrites extending far from the Li anode were shown to give rise to a narrow range of shifts whereas other microstructures closer to the electrode surface gave rise to broad resonances. Of note, the use of in situ electron spin resonance (ESR) has recently been demonstrated [39] [40] , the temperature independent paramagnetism (TIP) 34, 36 of Li metal giving rise to an ESR signal that is dependent on the geometry of Li metal as well as sample impurities. The order of magnitude greater skin depth in NMR experiments compared to ESR experiments (δ = 1 δ = ρ πµ 0 µ r ν 0 6 mm) 39 gives NMR the ability to detect and quantify thicker and more dense microstructures. between the electrode and the separator, and then the bag cell was sealed without electrolyte. The pressure was found to be less than 1.9 atm, the lower limit of detection of the pressure indicating film. At the edges of the cell the pressure was 3.9 ± 0.6 atm, this increase is ascribed to extra pressure from the heat sealing procedure and wrapping of the bag cell in Teflon tape.
All electrochemical testing was performed on a Bio-Logic Science Instruments VSP electrochemical cycler. A rate of 1.1 mA/ cm 2 was used for all the experiments in this paper in order to investigate the formation of Li microstructures under consistent electrochemical conditions. In a battery, Li metal acts as the anode and during the charging process Li ions are deposited on the Li metal surface and during discharge they are stripped from the metal surface.
In a symmetric Li cell there is no charge/discharge process, thus we use the term "current flow"
to describe Li deposition and Li stripping occurring on the negatively and positively charged electrodes, respectively.
In situ 6/7 Li NMR experiments were performed on a Tecmag Redstone spectrometer synchronized with the electrochemical cycler and a 4.7 T magnet. Complete details of the experimental set-up are described elsewhere. 44 All 6/7 Li NMR spectra were referenced to a 1 M LiCl solution at 0 ppm. The lithium cells were oriented perpendicular to the magnetic field, B 0 , in a 5 mm ( 7 Li) or 7 mm ( 6 Li) solenoid coil and all spectra were acquired at a resonance The recycle delay of 1.0 s was chosen to be greater than the T 1 of 7 Li metal (~100 ms) 34 . This recycle delay is not optimized for observation of the electrolyte (T 1 > 3s) as the focus of this work is on the metal peak. Each spectrum took ~2 min to acquire consisting of 128 transients.
The filling factor for the 5 mm coil/bag cell is 0.29 and for 7mm coil/bag cell is 0.22. The filling factor was not optimized for the system due to several other considerations that were more central to the overall viability of the experiments. These include the functionality of the bag cells as electrochemical devices, as well as rf field effects associated with the induced eddy currents in the conducting sample. 44 In order to find the direct correlation between the Li NMR spectra and SEM images, the cells cycled in the NMR spectrometer were carefully taken out and dissembled in the glove box. The lithium electrodes were washed with DMC to remove the residual electrolyte and dried so as to investigate the microstructures by SEM. For the cross-section SEM images, the sample was carefully cut in the glove box with a razor blade. A LEO1550, Germany SEM, operating at 20 kV with a Robinson backscatter detector was used. The cell was unavoidably exposed to air for one or two seconds during transfer to the SEM chamber.
FFT (fast Fourier transform) susceptibility calculations [42] [43] [44] were performed to help confirm the assignment of the Li metal NMR spectra and to explore susceptibility effects associated with microstructure growth on the surface of the bulk metal. The calculations were performed on a 512 × 512 × 512 grid, with a Li metal slab in the center, measuring 400 × 160 × 16 voxels in the x, y and z directions, with B 0 aligned along z. Two different phenomena were considered: (i) changes to the NMR shift of the surface sites in the bulk metal as new Li sites grow on top, and 
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(ii) the shifts of different morphologies of microstructure. Details of the models are given in the relevant results sections while the full calculation method is described in the Supporting Information.
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RESULTS AND DISCUSSION

NMR Studies of Microstructure Formation
In order to correlate the Li NMR observations with specific types of microstructure morphologies a joint SEM/NMR study of a series of cycled lithium electrodes was performed. A symmetric lithium metal cell was used with a Celgard separator. A galvanostatic experiment was performed for a total of 240 min using a constant current of 1.1 mA/cm 2 while spectra were acquired in real time using in situ NMR ( Figure 2 ). Li + in the electrolyte and SEI appear in the chemical shift region expected for diamagnetic salts (-10 to 10 ppm) and hence can be readily separated from the signals due to Li metal. 21, 34 The 7 Li NMR signal of the metallic lithium strip Figure 2 . Change of 7 Li NMR spectra of a symmetrical lithium cell with Celgard separator containing LiPF 6 in EC/ DMC extracted from an in situ NMR experiment, after 0 minutes (black), and after passing current for 10 min (green), 50 min (blue), and 4 hours (red) at 1.1mA/cm 2 . The normalized intensity of each of the spectra is 1.00, 1.00, 1.03, and 1.46
respectively.
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The Journal of Physical Chemistry is seen at 246 ppm, the major contribution to the shift arising from the Knight shift [45] [46] due to the TIP of the delocalized conduction electrons. An additional Li metal peak at 260 ppm (±3 ppm)
begins to appear after 10 min and becomes more noticeable in the spectrum extracted after 50 min (Figure 2 ). The evolution of the peaks can be seen in more detail in the Supporting Information, which contains the complete NMR data set collected in situ ( Figure S1 ) and the deconvolution of the resonances ( Figure S2 ). The deconvolution was performed to aid in peak assignment and quantification of the Li bulk metal peak.
Previous studies by Bhattacharya et al. showed that a strip of Li metal placed perpendicular to B 0 , resonates at ~245 ppm, while it shifts to ~270 ppm when the strip is parallel to B 0 . 34 This orientation-dependent shift arises from the bulk magnetic susceptibility (BMS) effect, 21, 25, 34, 44, 47 caused by the TIP of the Li metal. On this basis, the additional (shifted) resonance was ascribed to dendrites and mossy Li growing perpendicularly to the Li metal anode surface. 21, 25, 34, 44, 47 We will explore this proposal below by comparing NMR data with SEM images and the results from susceptibility calculations.
A key feature of the series of spectra in Figure 2 is that the bulk metal peak at 246 ppm decreases in height over time. This decrease is more clearly observed during the initial stages of the experiment as shown in Figure 3a , most of the changes occurring before 80 minutes.
Recently, Indris et al. have also reported NMR studies of Li microstructure growth in different electrolytes and have similarly observed a decrease in intensity of the bulk metal peak after the current was applied. 48 However, the origin of the decrease in metal peak intensity with microstructure growth has yet to be clearly addressed. We propose that this decrease can be ascribed to two factors, (i) the build up of microstructure on the surface of the Li metal attenuates the rf, reducing the observable signal from the bulk metal and thus the integrated intensity of the Page 12 of 38
The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 metal peak, and (ii) the microstructures impact the local magnetic field at the surface of the metal, causing inhomogeneous broadening of the Li metal peak. The latter phenomenon is a consequence of the metallic and non-uniform nature of the microstructures, which also display TIP, and is now evaluated using susceptibility calculations. These susceptibility calculations have been described elsewhere and represent a simple method for calculating the variations in the local magnetic field caused by objects with different geometries. 44 The susceptibility 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 calculations are first run on the pristine Li metal cell, and the spectrum is simulated using the calculated shifts for the Li sites at the top surface layer of the electrode only (dark grey region in the illustration inset in Figure 3b) .
The calculation is then repeated for the same (dark grey) surface sites as increasing coverage of microstructure is randomly added on top of the metal surface. Any attenuation of the rf by the addition of the microstructure is not modeled, so each of the spectra in the series have the same integrated intensity. Figure 3b shows the resulting simulated 7 Li NMR spectra showing changes in the metal peak as surface microstructure coverage increases. As the coverage of the random microstructure increases at the surface of the electrode, the simulated NMR spectra of the Li metal surface sites ( Figure 3b ) show a clear decrease in peak height as the peak broadens (demonstrated more clearly in the expanded region of the spectra on the right). In practice, it is difficult in the experimental spectra to distinguish between a decrease in the intensity of the main Li metal resonance (due to rf attenuation) and simply peak broadening (from susceptibility effects), because the simultaneous growth of the microstructure peak as a shoulder of the main metal peak, hinders integration and accurate deconvolution of the main resonance. The simulation results, however, clearly show that at least some of the reduction in peak height results from peak broadening. Furthermore, and as discussed above, the experimental results suggest that significant coverage of the metal surface with microstructures occurs within an hour.
After that, additional microstructural growth must occur further away from the Li metal surface and so does not contribute to susceptibility changes that can further broaden the bulk metal peak.
In contrast, if rf attenuation by the microstructure layer were the more significant effect, the peak would be expected to continually reduce in intensity throughout the experiment as the Page 14 of 38
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It is of note that Bhattacharya et al. 34 did not observe any noticeable decrease in the intensity of the bulk 7 Li metal peak during multiple charge-discharge cycles (>28 up to 0.5 mA / cm 2 ) of a symmetric Li cell cycled with the 1-ethyl-3-methylimidazolium tetrafluoroborate ionic liquid electrolyte, although they did observe an additional peak associated with microstructure growth.
They therefore assumed that the rf penetration of microstructures was total, and the intensity of the bulk metal peak during Li deposition/stripping was assumed to be constant. We have repeated their experiment under the same electrochemical conditions but with the EC: DMC electrolyte used here, and have confirmed that there is no noticeable decrease in the intensity of the main bulk metal peak during multiple cycling (see the Supporting Information, Figure S3 ). This is most likely because under multiple cycles at lower current, different morphologies of microstructures are formed and partly removed from both electrodes, thus they do not accumulate with the same thickness and/or density as when a single direction of current flow is applied. The different morphologies formed on the metal surface can be expected to contribute differently to both the rf attenuation and inhomogenous line broadening effects.
SEM Studies of Microstructure Formation
To determine if the shift of the Li microstructure peak is dependent on the nature of the microstructures, SEM experiments were performed on four symmetric lithium cells under the same conditions as used for the in situ NMR studies. Note that all these experiments were performed with Celgard separators rather than with glass microfiber separators due to the Li dendrite growth into the glass microfiber, making it difficult to remove the separator without 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 6 Li electrode.
In all of the experiments, the formation of a distinct peak at ~266 ppm, associated with dendritic microstructure formation, 38 is observed in the spectra after current flow ( Figure 5 ).
When Li is transferred from the 6 Li electrode to the 7 Li electrode, an intense microstructure peak is observed in both the 6 Li and 7 Li spectra. The peak at 267 ppm in the 6 Li spectra is consistent with the growth of 6 Li microstructures on the 7 Li electrode (Figure 5a ). The observation of the peak at 266 ppm in the 7 Li NMR spectra (Figure 5c ) is unexpected, but is ascribed to the use of a natural abundance (92.5% 7 Li) electrolyte; as the Li ions diffuse from the 6 Li electrode, the first ions to deposit on the 7 Li surface will be the 7 Li ions in the electrolyte. This is supported by the noticeable decrease in the intensity of the electrolyte peak in the 7 Li NMR spectrum (and increase in the 6 Li NMR electrolyte signal) after 240 min of current flow. When the cell was charged with Li ions moving from the 7 Li electrode to the 6 Li electrode, the 7 Li microstructure Page 17 of 38
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Additionally, a small increase of the 6 Li metal dendrite peak at 265 ppm was observed ( Figure   5b ) and is ascribed to the naturally abundant 6 Li in the 7 Li microstructures (7.5%). No changes in the 6 Li or 7 Li NMR peak intensity in the electrolyte region are observed, as expected, since Li ions are transferred from a natural abundance electrode. Li NMR spectra before and after growth of microstructures.
Comparison of in situ (a,b) 6 Li and (c,d) 7 Li NMR spectra of the cell comprised of a 6 Li metal strip against 7 Li metal with dimensions 6 mm × 15 mm × 0.4 mm and a glass microfiber separator, after current flow at 1.1 mA/cm 2 for 240 min. In (a,c) Li ions move from the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 19
The tendency of the bulk metal peak to decrease in height is consistently observed in the isotope experiments. Changes in the apparent bulk metal intensity are greater in the 7 Li spectra compared to the 6 Li spectra. This is due to the different rf skin depths for the two isotopes: 6 Li has a larger skin depth (28.5 μm) than 7 Li (17.1 μm), and so a larger amount of the pristine metal is detected, the microstructure peak becoming a smaller fraction of the overall intensity. When
Li is moved from the 7 Li electrode to the 6 Li electrode and from the 6 Li electrode to the 7 Li electrode, the bulk metal peak decreases in the 6 Li (Figure 5b ) and in the 7 Li (Figure 5c ) spectra.
These decreases can be explained by the susceptibility effects discussed above, and/or by attenuation of the rf by the microstructure and smoothly deposited Li on the metal surface. Both of these effects predict a stronger reduction in the 7 Li signal compared to 6 Li because of the reduced skin depth; for the susceptibility effects this is because more of the signal comes from closer to the metal surface and so will be more strongly affected by local field changes. It is likely that both of these effects contribute to the apparent reduction in height of the metal peak, as discussed above.
As Li is moved from the 7 Li electrode to the 6 Li electrode (Figure 5d ), a (11%) decrease in height of the 7 Li bulk metal peak is also observed. This decrease cannot arise from rf attenuation due to microstructure formation since there is no deposition on the 7 Li metal surface. Instead, it is possible that the decrease is due to susceptibility changes at the 7 Li electrode as the surface morphology changes when Li is stripped from it, and/or more long-range effects from the microstructure formed on the 6 Li electrode. The decrease is most pronounced at the beginning of the experiment suggesting it is not due to formation of dendrites close to the 7 Li electrode.
However, these proposals require further investigation.
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Finally, the microstructure peak is better resolved in the spectra presented in this section, in comparison to those presented in the section 3.1, which were acquired with borosilicate and Celgard separators, respectively. In the next section we explore the origins of this difference and whether NMR can be used to detect different types of microstructures.
The Effect of Separator and Stack Pressure on Microstructure Formation
To further investigate the dependence of the shift of the additional NMR metal peak on the type of Li microstructure formed and to investigate the effect of pressure on microstructure formation, bag cells with and without the application of an external pressure of 5.8 ± 0.9 atm were studied. An initial stack pressure of 1.9 atm was measured in bag cells with glass microfiber and Celgard separator, the stack pressures being similar for the two separators within the uncertainty of the measurement. In the cell with a glass microfiber separator without external pressure, a sharp peak at 267 ppm is observed after current flow, in addition to the main bulk Li metal peak at 246 ppm (Figure 6a) , consistent with the results obtained in the isotope studies (section 3.3). The 7 Li NMR spectrum of the cell with the Celgard separator without external pressure applied shows the growth of a peak at 267 ppm (Figure 6c ) after current flow. This peak is much less distinct than that observed for the cell with glass microfiber (Figure 6a ), indicating that the choice of separator affects microstructural growth.
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To further confirm the assignment of shifts to dendritic or mossy morphologies, two possible morphologies of microstructure were modeled in the FFT susceptibility calculations; mossy microstructure as 1 × 1 × 1 voxels distributed randomly over the xy surface of the metal with 20% surface coverage, and a dendritic structure as 1 × 1 × 8 voxels covering 2.5% of the metal xy surface (both models contain the same total amount of Li). Schematics of the two models and the resulting simulated NMR spectra of the systems before and after the addition of the microstructure are shown in Figure 8 . The isotropic chemical shift of the bulk metal peak and the microstructure peak are in good agreement with the experimental values of ~245 ppm and ~260 ppm, respectively. When the spatial extent of the microstructure is increased, the corresponding peak shifts to higher frequency (270 ppm) as shown in Figure 8b . This microstructure morphology has a strong resemblance to dendrites that can be expected to grow perpendicular to the surface of the electrode (parallel to B 0 ). Although these simple models are 
CONCLUSIONS
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In situ nuclear magnetic resonance (NMR), scanning electron microscopy (SEM) and susceptibility calculations enable us to characterize the types of Li microstructures nondestructively in a functioning battery. 
